(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 




(,!^Wortd,oUl^tua^™^^^ MM liiUlililliliiiilill 

(43) Interaational Publication Date (10) Intentatiooal Publieation Number 

17 October 2002 (17.10,2002) pCT WO 02/082105 Al 



(51) international Patent Classification^: GOIR 15/18, 
HOIF 38/30,27/28 

(21) International Application Number: PCT/GB02/01493 

(22) International Filing Date: 28 March 2002 (28.03.2002) 
(25) Filing Language: English 
{2^ Publication Language: English 



(30) Priority Data: 

0108179.3 
0111027.9 
0111068.3 
0123519.1 



2 April 2001 (02.04.2001) GB 

4 May 2001 (04.05.2001) GB 

4 May 2001 (04.05.2001) GB 

1 October 2001 (01 .10.2001) GB 



(71) Applicant (for all designated States except US): SENTEC 
LIMITED [GB/GB]; Terrington House. 13-15 Hills Road, 
Cambridge CB2 IGE (GB). 



(72) Inventors; and 

(75) Inventors/Applicants (for US only): STORKEY, 
Mathew, Emmanual^ Milton [GB/GB]; 166 Foster Road, 
Trampington, Cambridge CB2 2JP (GB). COLBY, Ed- 
ward, Grellier [GB/GB]; 45 Argyl Road, Cambridge CBl 
3LR (GB). 

(74) Agent: IP21 LIMITED; Norwich Research Park, Colney. 
Norwich NR4 7UT (GB). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN. CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS. LT, LU. LV. MA, MD, MG, MK, MN. MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TN, TR, XT, TZ. UA, UG. US, UZ, 
VN, YU, ZA, ZM, ZW. 



[Continued on next page] 



(54) Title: INDUCTIVE CURRENT SENSOR FOR AN ELECTRICITY METER 




(57) Abstract: A current sensor for measuring one or more cur- 
rents supplied from a power source to a load, the sensor compris- 
ing: (a) an inlet connecting to the source; (b) an outlet for con- 
necting to the load; (c) one or more conductive paths (94a, 94b, 
94c; 250, 260) connected between the inlet and outlet for guid- 
ing the one or more currents through the sensor, and (d) one or 
more sensors (70) for sensing one or more local magnetic fields 
generated around the one or more paths (94, 250, 260) by the cur- 
rent flowing therethrough, thereby providing a current measure 
indicative of the magnitude of the one or more cuirents. The sen- 
sor is distinguished in that it comprises a plurality of elongate cur- 
rent coil elements (78) arranged in a substantially common plane 
and arranged to be substantially insensitive to remotely ^generated 
magnetic fields and responsive to the one or more local magnetic 
fields for generating the current measure, the coil elements (78) 
being disposed in zones (75, 76, 77) having more than two ef- 
fective centres (see Figure 7) and exhibiting mutually opposing 
responses to the remote field. The sensor is susceptible for use in 
a fiscal power meter. 



wo 02/082105 Al liiilliiililiiiiiiUiiiOII 



(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD. SL, SZ, TZ, UG. ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG. KZ, MD, RU. TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, 
GB, GR, IE, rr, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF. CG, a, CM, GA, GN, GQ, GW. ML. MR, 
NE.SN,TD,TG). 

Declarations under Rule 4.17: 

— as to cpplicant's entitlement to apply for and be granted 
a patent (Rule 4.l7(ii)) for the following designations AE, 
AG, AL, AM, AT. AU, AZ, BA, BB, BG, BR, BY, BZ, CA, 
CH, CN, CO, CR, CU, CZ, DE, DK DM, DZ, EC, EE, ES. 
FI, GB, GD, GE, GH. GM, HR, HU, ID, IL, IN, IS, JP, KE, 
KG,KP,KR,KZ LC, LK LR, LS, LT, LU, LV,MA, MD, MG, 
MK, MN, MW, MX, Ml, NO, NZ, OM, PH, PL, PT, RO, RU, 
SD, SE, SG, SI, SK SL, TJ, TM, TN, TR, TT, TZ, VA, UG, 
UZ, VN, YU, ZA, ZM, ZW, ARIPO patera (GH, GM. KE, LS, 



MW, Ml, SD, SL, SZ, TZ, UG, ZM, ZW), Eurasian patent 
(AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent 
(AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, 
MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, CG. CI 
CM, GA, GN, GQ. GW, ML, MR, NE, SN, TD, TG) 

— as to the applicant 's entitlement to claim the priority of the 
earlier application (Rule 4J7(iii)) for all designations 

— of inventorship (Rule 4, 1 7(iv)) for US only 

Published: 

— with international search report 

— before the expiration of the time limit for amending the 
claims and to be republished in the event of recent of 
amendments 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations** appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



wo 02/082105 



PCT/GB02/01493 



INDUCTIVE CURRENT SENSOR FOR AN ELECTRICITY METER 



Field of the Invention 

The present invention relates to cument sensors for measuring cun-ent flowing in 
conductors. More particularly, but not exclusively, the invention relates to a 
current sensor fomning part of an alternating cunrent (AC) fiscal electricity meter 
for measuring the energy supplied by a utility company. 

Background to the Invention 

In a published PCT patent application PCT/GBOO/02851 (WO 01/11376), there is 
described a cunient sensor which responds to a magnetic field generated by a 
current flowing in a load conductor. 

In a published United States patent no. 4,894,610, there Is described a current- 
transformer an^ngement for a static electricity meter. 

In a published PCT patent application no. PCT/G 800/02604, there is described 
an electronic circuit formed on a printed circuit board which is configured as a 
current-to- voltage converter using a printed circuit track as a sensor, the sensor 
being placed in parallel with a primary cun-ent canying conductor, for example a 
bus bar. 



wo 02/082105 



PCT/GB02/01493 



Situations arise where a current sensor is required liaving the following 
characteristics: 

(a) a load current bearing conductor having a simple linear shape; 

(b) a sensor scaling factor susceptible to modification merely by altering 
dimensions of the sensor in one direction; 

(c) a circuit board real estate which is used efficiently and is substantially 
rectangular in format with a minimum number of vias and/or cross-overs; 
and 

(d) virtual immunity to remotely generated alternating magnetic fields. 

Cunrent sensors described in the aforesaid PCT applications and US patent are 
not capable of providing simultaneously all the characteristics (a) to (d) above. 

Summarv of the Invention 

According to the present invention, there is provided a current sensor for 
measuring current flowing between a power source and a load, the sensor 
comprising: 

an inlet for connection to the source; 
an outlet for connection to the load; 

conductor paths connected between the inlet and the outlet for guiding 
cuaents through the sensor; and 

sensing means associated with each conductor path for sensing current 
flowing tiierethrough and for generating a conresponding cunent measure 
indicative of the magnitude of the current, 

characterised In that each sensing means comprises an array of elongate 
conductive elements which are, firstly, so arranged as to be each mutually 
dissimilariy coupled to tiie local magnetic field generated, in use, by cun^nt flowing 
through the associated conductor patii and. secondly, so interconnected as to 
render the sensing means substantially insensitive to magnetic fields generated 
remotely therefrom. 
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Such a sensor is capable of one or more of the following: 

(a) operating in conjunction with a load current bearing conductor having a 
simple linear shape; 

5 (b) providing a sensor scaling factor susceptible to modification merely by 

altering dimensions of the sensor in one direction; 
(c) occupying a circuit board real estate which is used efficiently and is 
substantially rectangular in forniat with a minimum number of vias and/or 
cross-overs; and 

10 (d) being substantially Immune to remotely generated alternating magnetic 

fields. 

Preferably, the one or more conductive paths are disposed to couple their 
magnetic fields generated in response to the one or more currents flowing 

15 therethrough preferentially to a subset of the zones, thereby generating a 

residual signal indicative of the magnitude of the one or more currents, the 
residual signal for use In providing the current measure. Preferentially coupling 
to a subset of the zones is of advantage in that the zones can be arranged to 
provide a substantially negligible response to uniform magnetic fields generated 

20 by sources remote to the sensor to render the sensor substantially insensitive to 

such uniform fields, whilst providing measuring sensitivity by virtue of 
preferentially coupling magnetic fields generated by the one or more cunrents to 
the subset of zones. 

25 The one or more conductive paths are preferably implemented as one or more 

substantially-linear elongate conductive members in proximity of the zones and 
are an^anged to couple magnetically preferentially to one or more of the zones. 
Incorporation of such substantially-linear conductive members is of advantage in 
that they are easier to manufacture in comparison to conductive members Qf 

30 complex shape, for example conductive members including circular current 

paths. 

Preferably, the one or more elongate conductive members are integral with the 
elongate elements on an insulating substrate. Integral mounting of the one or 
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more elongate members onto the substrate is of advantage in tliat measurement 
sensitivity of tlie sensor is dramatically enhanced in comparison to spaced-apart 
mounting of the elongate members with respect to the substrate. 

Alternatively, the one or more elongate conductive members are preferably 
disposed spatially mutually separated from the elongate elements by a gap 
region. Such a separated configuration is of advantage in that the sensor is 
capable of operating with a greater potential difference between the one or more 
members and the elongate elements. 

The zones are preferably implemented as elongate regions comprising coil 
elements. Such elongate disposition of the elongate regions assists to enhance 
the measurement sensitivity of the sensor in comparison to a non-elongate 
implementation of the sensor. 

Preferably, to improve manufacturability and reduce cost, the elongate elements 
are implemented in the form of conducive tracks on a printed circuit board. 

On account of the use of a transfomnation described later, it is feasible to reduce 
the need for track cross-overs and thereby largely circumvent the need to use 
circuit board vias. Thus, the elongate elements of the sensor are preferably 
interconnected on the circuit board substantially without the need to use vias. 

More preferably, the printed circuit board Is a multi-layer board and the elongate 
coil elements are duplicated at a plurality of levels in the board and 
corresponding overiaid zones coupled together In order to enhance current 
measuring sensitivity of the sensor. 

For example, the elongate coil elements are preferably duplicated at several of 
the layers in the form of a stack and connected in series to provide an incraase in 
output signal magnitude resulting from magnetic fields generated by current flow 
in the one or more conductive paths coupling into the stack. 
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Preferably, elongate coll elements of the overiaid zones are Interconnected at 
regions remote from where the one or more load conductors couple magnetically 
to one or more of the elements. Implementing interconnection at regions remote 
for active coupling zones of the sensor enables a greater sensor measurement 
5 sensitivity to be achieved. 



Insensitivity of the sensor to uniform remotely-generated magnetic fields Is an 
important perfomnance characteristic of the sensor. Especially when the sensor 
is implemented comprising a stack of elongate coil elements, there is tendency 

10 for the sensor to become sensitive to unifonn magnetic fields incident parallel to 

the plane of the sensor. By alternately swapping connection of elongate elements 
In the several layers, it is possible to arrange for EMFs generated by in-plane 
unifomn fields to mutually oppose rendering the sensor substantially immune to 
such unifonn fields. Thus, preferably, the elongate coll elements are connected 

IS aKemately between layers so as to render the sensor less sensitive to uniform 

magnetic fields incident on the sensor having field components parallel to the 
plane of the sensor. 



Conveniently, in order to render the sensor more efficient in its use of circuit 
20 board real estate, the elongate coil elements are preferably an"anged so that their 

elongate axes are substantially mutually parallel. 



In order for the sensor to provide a substantially linear measurement response 
for a wide range of currents conveyed through the sensor to the load, the 
25 elongate coil elements are preferably non-ferromagnetically coupled to the one or 

more conductive paths. The use of fanromagnetic components in the sensor 
would Impart thereto an upper limit of linear measurement due to fenomagnetic 
component magnetic saturation. 



30 In cost sensitive applications, it is desirable that the sensor is capable of 

providing a measure of average current in a plurality of conductive paths. 
Therefore, the sensor is preferably an^nged such that a plurality of the 
conductive paths are disposed on opposing major faces of the plane 
encompassing the elongate coil elements, the sensor thereby providing in use an 
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output signal indicative of the summation of the one or more cunrents flowing in 
the plurality of conductive paths. By scaling the summation by the number of 
current paths present, a measure of average current flow in the current paths can 
be achieved. 

5 

The sensor can be supplemented by one or more voltage sensors for power 
measurement purposes. Therefore, the sensor preferably further comprising 
voltage sensing means for sensing substantially the voltage of the power source 
and generating a corresponding voltage measure. A product of the current 
10 measure and voltage measure enables a measure of power to be calculated. 

When the sensor is used to measure power, the sensor preferably further 
comprises signal processing means for integrating the cunBnt measure v\/ith 
respect to time to provide an integral cunrent measure and computing means to 
IS compute a product of the integral current measure and the voltage measure to 

derive a measure of energy consumed by the load. 

In order to render the sensor relatively inexpensive to manufacture when 
adapted for power sensing applications, the signal processing means and the 
20 computing means are preferably integrated onto a single silicon integrated circuit. 

Advantageously, the sensor preferably further comprises a memory for storing 
calibration data for one or more of correcting scale factor, ofiiset and phase errors 
within the sensor. Such calibration is important for many potential applications 

25 for the meter, for example especially when customer billing occurs on the basis 

of measurements provided by the sensor. Moreover, calibration can often be a 
time consuming and therefore expensive procedure during sensor manufacture 
hence recording calibration data in the memory is capable of facilitating more 
rapid calibration during manufacture. The calibration data can, for example, be 

30 subsequently used to scale output from the sensor when the sensor is in 

operation. More preferably, the memory is also operable to store serial number 
infonnation and the measure of power consumed by the load. In order that data 
stored in the memory is not lost when power is removed from the sensor, the 
memory preferably includes non-volatile memory, for example EEPROM. 
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Remote interrogation of sensors is an increasingly important contemporary 
operating requirement. Tlius, preferably, the sensor comprises Interfacing 
means for enabling the sensor to be remotely Interrogated. More preferably, the 
5 Interfacing means comprises an Intemet connection for enabling the sensor to be 

interrogated and/or to output measurement data via the Intemet. 



In a second aspect of the present invention, there is provided an electrical energy 
meter comprising one or more sensors according to the first aspect of the 
10 invention for use in measuring and recording electrical energy consumed. 



Preferably, the meter is configured in a 2S-type configuration; the 2S-type 
configuration is defined later. More preferably, in order to reduce the number of 
current sensors required, the meter comprises a single sensor according to the 
IS first aspect of the invention arranged to pn^vide in use an average current 

measure of currents flowing through a plurality of load conductors mounted In 
close proximity to, or In contact with, the sensor. More preferably, the plurality of 
load conductors are mounted on opposing major faces of the single sensor. 

20 Alternatively, the meter can be in a 12S-type configuration; the 12S-type 

configuration is defined later. 



AHematively, the meter is preferably implemented as a three-phase meter and is 
provided with two current sensors and means for deriving a third phase current 
25 by way of performing a simultaneous equation solution to signals derived from 

said two cunBnt sensors. By using the solution, for example based on Blondel's 
theorem, it is possible to reduce the number of current sensors required and 
thereby render the meter less expensive to manufacture, simpler In construction 
and more<X)mpact. 

30 

In a third aspect of the present invention, there is provided a method of 
calibrating a sensor according to the first aspect of the present Invention, the 
mefliod comprising the steps of: 
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(a) applying a supply voltage with substantially zero cun-ent drawn from 
the sensor, and then computing a zero offset power to ensure the power 
zero accuracy of the sensor; 

(b) drawing a Icnown operating current from the sensor to a load and 
computing a gain calibration constant for ensuring accurate power scale- 
factor; and 

(c) applying a current signal which is substantially reactive, for example with 
89° degrees between cun-ent and voltage vectors, and then computing a 
phase calibration constant. 

Preferably, the zero offeet power, the power scale-factor and the phase 
calibration constant are stored in a non-volatile memory of the sensor. 

In a fourth aspect of the present invention, there is provided a method of 
measuring electrical power using a sensor according to the first aspect of the 
present invention, the method comprising the steps of: 

(a) connecting the sensor to a source of power; 

(b) connecting a load to the senson 

(c) connecting voltage sensing means to the sensor whereat it is connected 
to the load; 

(d) taking a measure of the cun-ent delivered through the sensor to the load 
and a measure of voltage developed across the load; and 

(e) calculating a product of the cun^nt measure and the voltage measure to 
provide a measure of power consumed by the load. 

Preferably, the method further comprises the step of integrating the power 
measure to obtain a measure of cumulative power consumed by the load. More 
preferably, the cumulative measure of power is stored is in a non-volatile 
memory. Most preferably, the non-volatile memory is an electrically erasable 
programmable read only memory (EEPROM). 
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In order to render the method less expensive and simpler to apply, the sensor is 
preferably configured to measure an average of current flowing in a plurality of 
paths in close proximity, or in contact with, the sensor. 

Description of the Diagrams 

Embodiments of the present Invention will now be described, by way of example 
only, with reference to the following diagrams in which: 

Figure 1 is a cross-sectional view of a load conductor and a circuit board with a 
magnetic field around the load conductor; 

Figure 2 is a plan view of a transducer; . 

Figure 3 is a view of a response characteristic of the transducer in Figure 2 to a 
local magnetic field generated along a line XX' in Figure 2; 

Figure 4 is an illustration of a current sensor comprising two transducers of the 
type shown in Figure 2 mutually superimposed; 

Figure 5a is an illustration of an alternative connection arrangement for a first 
region of the current sensor of Figure 4; 

Figure 5b is an illustration of an alternative connection anangement for a second 
region of the current sensor of Figure 4; 

Figure 5c is an illustration of an alternative connection arrangement for a third 
region of the cun-ent sensor of Figure 4; 

Figure 6 is an illustration of a current sensor incorporating the alternative 
interconnection an-angements of Figures 5a, 5b, 5c; 
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Figure 7 is an illustration of a current sensor comprising elongate substantiaily- 
linear coll elements; 

Figure 8 Is a diagram of a relationship between conductor elements of Rgure 7 
and the transducers of Figure 4; 

Figure 9 is a schematic diagram of 2S-type and 12S-type fiscal electricity meter 
configurations; 

Figure 10a is an isometric view of a three-phase fiscal electricity meter; 

Figure 1 0b is a plan view of a circuit board forming part of the fiscal electricity 
meter of Figure 10a; 

Figure 1 1 is a diagram of an electricity meter illustrating its principal elements; 

Figure 12a is a diagram of a first alternative configuration for elements of the 
meter of Figure 11; 

Figure 12b is a diagram of a second alternative configuration for elements of the 
meter of Figure 11; 

Figure 13 is a schematic block diagram of a sensor PCB sub-assembly for the 
meter of Figure 11; 

Figure 14 is a drcuit diagram of the sensor sub-assembly of Figure 13; and 

Figure 15 is a circuit diagram of a display PCB sub-assembly for the meter of 
Figure 11. 



- 10- 



wo 02/082105 



PCT/GB02/01493 



Description of Embodiments of the Invention 

Referring to Figure 1, there is shown a cross-sectional view of a printed circuit 
board (PCB) 10 and a load conductor 11. The load conductor 11 is mounted 
above the PCB with a small separation, for example in a range of 0.5 mm to 4 
mm, between it and the PCB 10. If required, the load condudor 11 can 
altematively be made integral with the PCB 10. 

The load conductor 1 1 is shown with a current flowing through it into the plane of 
the drawing. This current produces magnetic field lines 12 which encircle, in a 
clockwise direction as illustrated by an-ows on the magnetic field lines 12 in the 
drawing, the load conductor 11. To a left-hand-side of the load conductor 1 1 , the 
magnetic field lines 12 rise out of the plane of the PCB 10 and are concentrated 
in a region whose effective magnetic centre is designated by Ml. On a right- 
hand-side of the load conductor 11, the magnetic field lines 12 descend into the 
plane of the PCB 10 and are concentrated in a region whose effective magnetic 
centre is designated by M2. 

An alternating cun-ent (AC) flowing through the conductor 11 results in a 
sinusoidal variation in the strength of the magnetic field lines 12 with time. In the 
case of a 50 Hz mains supply. 100 reversals of the direction of the magnetic field 
lines 12 occur each second. 

Figure 2 is a plan view of a substantially drcular planar transducer 20. The 
planar transducer 20 Is described in an eariier published international PCT 
application no. PCT/GBOO/02851. The transducer 20 is fomied as conductive 
tracks on a printed circuit board and comprises a sense poriion 21 and a 
cancellation portion 22. As illustrated, the sense portion 21 is a spiral coil 
comprising four turns, each turn having a radius of substantially ri. The 
cancellation portion 22 is a single turn of radius ra. The effective magnetic centres 
of the sense portion 21 and of the cancellation portion 22 are substantially co- 
located and are shown at CI; C1 corresponds also to a spatial centre of 
rotational symmetry of the portions 21, 22. The radius ra of the cancellation 
portion 22 is substantially double that of the sense portion 21 , Thusi even though 
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the sense portion 21 and the cancellation portion 22 have different numbers of 
turns and have different sizes, they have substantially equal turns-area products. 
Such equality of turns^area products renders the transducer 20 substantially 
immune to unifomn magnetic fields because such unifomn fields induce 
substantially mutually opposing signals in the portions 21, 22. 

Suffixes "L" and "R" are used in the drawings, where appropriate, to distinguish 
between left-hand-side and right-hand-side semicircles of the sense portion 21 
and the cancellation portion 22 relative to the centre CI. The same suffixes are 
also used, with the same meaning, elsewhere in this description. 

As shown In Figure 2, a terminal 23a is connected via a wire link 24 (shown as a 
dotted crossing line) to an innennost tum of the sense portion 21 . After four anti- 
clockwise tums, an outermost tum of the sense portion 21 is connected to the 
cancellation portion 22L. After completing a single clockwise tum, the 
cancellation portion 22R Is connected to a terminal 23b. 

The sense portion 21 and the cancellation portion 22 are electrically connected 
together so that they are effectively wound in opposite directions. As a result, 
when the transducer 20 is subjected to a spatlally-unifonn time-varying magnetic 
field, signals, namely electromotive forces (EMFs), induced in the sense portion 
21 will oppose EMFs induced in the cancellation portion 22. Moreover, since the 
tums-area products of the sense portion 21 and the cancellation portion 22 are 
substantially the same, the EMFs induced by such magnetic fields in the sense 
portion 21 will cancel out with the EMFs induced in the cancellation portion 22. 
The transducer 20 is therefore relatively immune to interference from such 
uniform magnetic fields. 

On account of the magnetic cenb*es of the portions 21, 22 overlapping, the 
transducer 20 is also substantially immune to interfering spatially linearly-varying 
altemating magnetic fields arising from remote sources. 

However, localised altemating magnetic fields will not couple equally to the sense 
portion 21 and to the cancellation portion 22. Thus, a local magnetic field 
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induces a resultant EMF at the terminals 23a, 23b. A local magnetic field is one 
that spatially varies non-linearly on a scale comparable to the dimensions of the 
transducer 20. 

5 Figure 3 is an illustration of a spatial response characteristic 30 of the transducer 

20 to local magnetic fields. The abscissa axis of Figure 3 corresponds to position 
along an axis XX' of Figure 2 which intersects C1. The ordinate axis corresponds 
to signal amplitude of the resultant signal generated across the temiinals 23a, 
23b. Also shown, for reference purposes, are cross-sections of the sense portion 
10 21 and the cancellation portion 22, and the centre C1 . 

The ordinate axis of Figure 3 is an illustration the response characteristic 30 of 
the transducer 20 to an infinitesimal dipole (not shown), as the dipole Is swept out 
radially from the centre C1 of the transducer 20. The abscissa axis thus 
IS corresponds to a radial position of the dipole. Moreover, the dipole is 

substantially co-planar with the plane of the transducer 20 and is orientated 
normal to the plane of the transducer 20. 

As the magnetic dipole is swept outwards from the centre C1, the characteristic 
20 30 gradually increases and attains a maximum value at approximately the 

innermost turn of the sense portion 21. Further radially outwards beyond the 
innermost tum, the characteristic then decreases, eventually becoming negative 
at about the outmost tum of the sense portion 21. Yet furUier radially outwards, 
the characteristic 30 has a negative peak before eventually decreasing but has 
25 an inflexion as the dipole approaches the single turn of the cancellation portion 

22. Finally, yet further radially outwards, the characteristic 30 decreases towards 
the abscissa and becomes positive outside the cancellation portion 22. 

It will be evident from Figure 3 that a conductor, for example a bus-bar, placed 
30 locally in closer proximity to the sense portion 21 relative to the cancellation 

portion 22 couples preferentially to the sense portion 21 and tiiereby induces a 
resultant signal at ttie temninals 23a, 23b. 
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Figure 4 is an Illustration of sense coils of a current sensor indicated generally by 
40 comprising a first transducer 42 and second transducer 45 having centres C1 
and C2 respedlvely. The first transducer 42 Is the same as the transducer 20 
whereas the second transducer 45 is similar to the transducer 20 but is 
connected in an opposite sense. 

The first transducer 42 comprises a sense portion 43 and a cancellation portion 
44. The second transducer 45 includes a sense portion 46 and a cancellation 
portion 47. The first transducer 42 and the secx)nd transducer 45 are connected 
in series to temiinals 41a, 41b. Thus, with respect to the plane of the current 
sensor 40, an upwardly-directed alternating magnetic field at C1 will induce a 
positive EMF onto the temiinal 41a with respect to the temiinal 41b, Similarly, a 
downwardly-directed alternating magnetic field at C2 will also induce a positive 
EMF onto the terminal 41a with respect to the terminal 41b. 

In Figure 3, there is also shown a second response characteristic 30' in broken 
lines. With regard to Figure 4, the characteristic 30 con^ponds to the first 
transducer 42, whereas the characteristic 30' corresponds to the second 
transducer 45. The characteristics 30, 30' are equal and opposite but their 
centres are mutually offset in order to ensure that the characteristics 30. 30' 
mutually reinforce as will be elucidated further in the following. 

By suitable choice of separation between the centres CI and C2, the region of 
maximum positive response at CI of the first transducer 42 can be an^nged to 
correspond with the region of maximum positive response of the oppositely- 
connected second transducer 45. Moreover, the region of maximum negative 
response at C2 of the second transducer 45 can be made to coincide with the 
region of maximum negative response of the first transducer 42. 

The cun-ent sensor 40 is preferably formed on the PCB 10 and used to produce 
an EMF proportional to the rate of change of current flowing through the load 
conductor 11. The load conductor 11 is orientated so that it is perpendicular to 
the line joining CI and C2. Moreover, the load conductor 11 is optimally 
dimensioned so that M1 and M2 align with CI and C2 respectively. Separation 
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of C1 and C2, and similariy M1 and M2, allows the current sensor 40 to have 
maximum sensitivity to ttie magnetic field lines 12 produced by cun^nt flowing 
through the load conductor 1 1 . 

There are various regions 48a, 48b, 48c of the cun^nt sensor 40 shown In FIgufB 
4 where turns of the first transducer 42 overlap vwth turns of the second 
transducer 45. Overlapping requires insulation between the conductors, and thus 
increases the cost and complexity of the sensor 40. 

Figures 5a to 5c are diagrams illustrating, where two or more turns cross, how 
the regions 48a, 48b, 48c are susceptible to transfonnation to magnetically 
equivalent, although electrically different, arrangements where the conductors do 
not cross, thereby circumventing a need for inter-conductor insulation and thus 
reducing cost. 

The principle underiying the transfonnation is that the cun-ent sensor 40 may be 
regarded not as connected coils but as a concatenation of many smaller current 
elements. How these current elements are interconnected does matter provided 
that the location of each element remains unchanged and that the direction of 
current along each current element is also unchanged. 

Thus, in Figure 5a, the cancellation portion 44R is designated as an element 
44Ra and as an element 44Rb. and the cancellation portion 47L Is designated as 
a cun^ent element 47La and as a current element 47Lb. After transfonnation, 
there is a new conductor 51 comprising a current element 51a corresponding to 
the element 44Ra. and a current element 51b corresponding to the element 
47Lb. Similariy, a new conductor 52 comprises cun-ent elements 52a, 52b which 
correspond to the current elements 47La, 44Rb respedively. 

In order for the transformation to result in a magnetically equivalent configuration, 
a region 56, namely a region where the conductors 44R and 47L formeriy 
crossed, must be small compared to the remainder of the cun*ent sensor 40. 
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An alternative way of envisaging magnetic equivalence is by generating a 
magnetic field by passing cunrent through the current sensor 40. Provided the 
region 56 is sufficiently small, a magnetic field distribution generated by a 
transformed version of the current sensor 40 will be identical to a magnetic field 
S distribution generated by a current flowing through the current sensor 40 prior to 

transformation. 

Similar considerations pertain to the transfonnations illustrated in Figures 5b and 
5c. 

10 

Figure 6 is an illustration of a current sensor indicated generally by 60. In the 
current sensor 60, the connectivity at the overlapping regions has been 
transformed, compared to the transducer 40, to avoid windings crossing one 
another. The current sensor 60 comprises a first transducer 62 and a second 

15 transducer 65 centred on centres C1 and C2 respectively. Moreover, the 

transducers 62, 65 are connected to terminals 61a. 61b respectively. In the 
current sensor 60, there are three regions 68a. 68b, 68c which correspond to the 
regions 48a, 48b, 48c of the transducer 40 respectively. The current sensor 60 
comprises a plurality of connected coil portions which are connected to the 

20 terminals 61a, 61b. A line YY* is shown intersecting the centres C1, C2. 

Moreover, ignoring connections from the terminals 61 to the first transducer 62 
and the second transducer 65, the transducer 60 has mirror symmetry about the 
lineYV. 

25 Along the line YV from Y to Y', the sensor 60 comprises in sequence a coll 

element 64L, a group of elements 63L, an element 67L, the centre C1, a group of 
elements 66L, a gn^up of elements 63R, the second centre C2, a single element 
64R, a group of elements 66R and finally an element 67R. Similar nomenclature 
has been used to designate coil elements that correspond to coll portions of 

30 Figure 4. 

The cunent sensor 60 is of advantage in comparison to the current sensor 40 in 
that fewer crossovers are required between conductors. For example, if the 
current sensor 60 is embodied on a PCB, fewer crossovers means that fewer 
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vias are required in tlie PCB. It is commercially desirable to reduce tiie number 
of vias in a PCB as a hole must be drilled for each via and then each hole must 
be plated through to obtain conduction through its corresponding vias. Reducing 
the number of vias reduces the cost of a PCB and also increases the reliability of 
the PCB. 

Referring now to Figure 7, there is shown an elongate current sensor Indicated 
generally by 70. The sensor 70 comprises two terminals 71a, 71b, an elongate 
region 72 of linear current elements 78. and two regions 73a. 73b which 
interconnect the current elements 78 of the region 72. The elongate region 72 
comprises a central region 75 of fourteen current elements 78, which is flanked 
by two regions 776a, 76b which each include eleven current elements 78. The 
flanking regions 76a, 76b are in tum surrounded by two outer regions 77a, 77b 
which each include four cument elements 78. In Figure 7, there is also included 
two axes CV and C2* which con-espond to the centres CI and C2 respectively of 
the current sensor 60. 

The end regions 73a, 73b are an-anged so that they do not generate a resultant 
EMF in response to spatially-unifonn or spatially linearly varying altemating 
magnetic fields. 

Although the relationship between the current elements 78 of the current sensor 
70 and the coil elements of the current sensor 60 is obscured by circular to 
elongate transformation, it will be appreciated that 

(a) coil 64L corresponds to the outer region 77a, a combination of features 
63L and 67L to 76a, a combination of features 66L and 63R to 75, a 
combination of features 64R and 66R to 76b; and 

(b) the coil element 67R corresponds to the outer region 77b. 

The cun-ent sensor 70 is of advantage in that its sensitivity may be increased 
simply by increasing the length of its elongate region 72. Thus, the current 
sensor 70 can be designed to provide a range of measurement sensitivities 
merely by varying its length. 
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In pracb'oe, the sensor 70 can be fabricated in a range of sizes from micrometres 
to metres. For example, K can be fabricated onto a silicon substrate by 
microfabrlcation processes so that the sensor 70 has an elongate length in the 
order of 2 |jm and a width in the order of 1 \xxr\. Such a microfabricated version of 
the sensor 70 is suitable for magnetic sensing heads, for example in magnetic- 
disc memory devices for computers, or for incorporation into power 
semiconductor devices designed to switch alternating cun-ents for monitoring and 
protection switching purposes. 

Alternatively, the sensor 70 can be fabricated onto a glass or ceramic substrate 
to provide it with enhanced structural stability for applications requiring a very 
stable measuring scale factor and reduced measurement scale factor 
temperature coefficient. 

Alternatively, for fiscal power metering purposes, the transducer 70 preferably 
has an elongate length in a range of 20 to 40 mm and a width in a range of 10 
mm to 20 mm. 

20 The interconnection of the current elements 78 is such that if current were forced 

to flow into the current sensor 70 via the temninal 71b, then cunent would flow in 
an upward sense along the current elements 78 of the central region 75, in a 
downward sense in the current elements 78 of the flanl<ing regions 76a, 76b and 
in an upward sense in the current elements 78 of the outer regions 77a, 77b. 

25 Thus, the total number of upwardly directed cun*ent elements 78 equals the total 

number of downwardly directed current elements 78, thereby ensuring that the 
current sensor 70 exhibits substantially zero net response to uniform or to 
spatially linearly-varying magnetic fields. The presence of an equal number of 
upward-directed and downwardly-directed current elements 78 is analogous to 

30 Figure 2 where the turns-area product of the clockwise sense portion 21 is equal 

and opposite to that of the anti-clockwise cancellation portion 22. 

The cunrent sensor 70 will respond to temporally alternating magnetic fields 
applied along the axis CV or C2' that ane normal to the plane of the cunrent 
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sensor 70. Provided that the alternating fields passing through CI' and C2' are 
of opposite sign, the EIWFs induced by the alternating fields in the current 
elements 78 will mutually reinforce to produce a resultant EMF at the tenninals 
71 . If the altemating magnetic fields at CV and C2' are In a similar direction but 
of different strengths, a resultant EMF will be produced at the terminals 71 
proportional to a difference between the magnetic fields. 

In similarity to the transducer 20 and the current sensor 40, 60, substantially zero 
EMF Is produced at the terminals 71 of the current sensor 70 in response to: 

(a) a temporally-varying spatially-uniform magnetic field; or 

(b) to a temporally-varying spatially-linearly-varying magnetic field directed 
orthogonally across the current sensor 70. 

Magnetic fields that are oblique to the plane of the current sensor 70 may be 
resolved into components in the plane and components normal to the plane. 
Altemating magnetic field components in the plane do not induce any EMFs and 
may be ignored. 

The cunrent sensor 70 may be combined with the load conductor 11 of Figure 1 
to form a composite current sensor. In such a composite sensor, the load 
conductor 11 is preferably elongate so that its magnetic field is concentrated 
along axes Ml' and M2', where the axes Ml', M2' correspond to the regions M1. 
M2 of Figure 1 respectively. For maximum sensitivity, the axes Ml' and CI', and 
M2' and C2', should respectively coincide. 

For example, the sensor 70 for fiscal power metering purposes preferably has an 
elongate length of 30 mm, and a lateral width of 22 mm. The load conductor 11 
also preferably has a lateral width of 5 mm to overiap, when viewed in plan, 
substantially with the central region 75 in Figure 7. More preferably, the 
conductor 11 is integral with a printed circuit board (FOB) as this imparts 
considerably more sensitivity to the sensor 70 in comparison to the conductor 11 
being in spaced-apart configuration. Most preferably, the conductor 11 Is 
implemented as a track on a PCB including the transducer 70, the trade having 
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soldered thereto a bar of copper having a width of substantially 5 mm and a 
thickness of substantially 2 mm. 

When implemented on a PCB. the sensor 70 is potentially susceptible to high- 
frequency capacitive coupling from the conductor 11 to the current elements 78. 
In mains supply systems, it is not uncommon for high-frequency signal 
components to be injected onto the mains supply from equipment such as radio 
frequency (RF) induction fumaces, high-power pulse-width-modulated (PWM) 
motor controllers and switch mode power supplies. The high-frequency signal 
components can occur in a frequency range from several kHz to several MHz. In 
order to prevent such high-frequency being coupled into the sensor 70, it is 
highly preferably that an electrostatic screen is inserted between the conductor 
11 and the current elements 78. The screen is preferably a buried conducting 
layer of a PCB onto which the sensor 70 is fomied. I^oreover, the screen 
preferably has a thickness in a range of 10 ^m to 50 ]m\. In operation, the 
screen is preferably connected to an analogue ground to which electronic circuits 
processing signals from the sensor 70 are also referenced. 

In Figure 8, there is shown a relationship between the current elements 78 of the 
current sensor 70 and the portions of the first transducer 42 and of the second 
transducer 45. The relationship is further elucidated in Table 1 where the left- 
hand-side column con'esponds to the current elements 78 of the current sensor 
70 and the right-hand-side con-esponds to equivalent features of the transducers 
42, 45. For example, the central region of Figure 8, designated as 72, 
corresponds to the elongate region 72 of Figure 7. 



Table 1: 



Current sensor 70 


Transducers 42, 45 


Central reqion 72 (Figure 8) 


Elongate region 72 (Figure 7) 


The four current elements 78 of the outer region 77a 


The portion 44L 


The outer seven cun-ent elements 78 of the flankinq repion 76a 


The portion 43L 


The inner four current elements 78 of the flanking region 76a 


The portion 47L 


The left-hand seven current elements 78 of the central region 75 


The portion 46L 


The right-hand seven current elements 78 of the central region 75 


The portion 43R 


The Inner four current elements 78 of the flanking region 76b 


The portion 44R 


The outer seven cun-ent elements 78 of the flankinq region 76b 


The portion 46R 


The four cunent elements 78 of the outer region 77b 


The portion 47R 
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In Figure 8. there is siiown above the region 72, and collectively designated by 
42, the current elements that correspond to the first transducer 42. Moreover, 
below the region 72 in Figure 8, and designated by 45, there are shown the 
cunrent elements that con-espond to the second transducer 45. There is also 
shown In Figure 8 effective positions of the centres C1 and C2. The centre CI 
lies on the axis C1', whereas the centre C2 lies on the axis C2'. 

The current sensor 70 is particulariy suitable for use as a component part of a 
kilowatt-hour (kWh) fiscal electricity meter. Such meters can be configured in a 
variety of different configurations depending on the number of electricity phases 
to be monitored. Moreover, electricity meter configurations tend to vary from 
country-to-country depending upon established practice. 

For example, in a book "Handbook for Electricity Metering" (ninth edition) by the 
Edison Electric Institute. ISSN 0-931 032-30-X there is described electricity meter 
configurations type 28 and 12S. 

Referring to Figure 9, the 2S configuration is indicated generally by 80 and 
comprises first and second current sensors 81, 82 and a voltage sensor 83. In a 
three-phase electricity supply system including phases A, B, it is established 
practice to connect two of the phases, for example the phases A, C, through the 
current sensors 81, 82 to a load 84 and to monitor a voltage Vl developed 
across the load 84 using the voltage sensor 83 as illustrated. A neutral 
connection 85 fi^m the supply system is also provided. It will be appreciated by 
the skilled addressee that there is a phase difference of 120^ between sinusoidal 
cycles of phases A, C. 

Power P consumed by the load 84 is calculated on the basis of Equation 1 (Eq. 
1): 

P = y2VL(li + l2) Eq.1 

where h, are current flows monitored by the current sensors 81, 82 
respectively. 
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From Figure 9, it will be appreciated tfiat tlie currents li and b are not equal in the 
case where the load 84 is unbalanced causing cun-ent to flow in the neutral 
connection 85. 

In a 12S-type configuration indicated generally by 86 in Figure 9, there are the 
two current sensors 81, 82 and two voltage sensors 87, 88. Moreover, there are 
two loads 89a, 89b connected to the neutral connection 85. 

Total power P consumed by the loads 89a. 89b is calculated on the basis of 
Equation 2 (Eq. 2) assuming resistive loads: 

P = Vu li+ V12I2 Eq.2 

The cunent sensor 70 can be employed within the 2S and 12S configurations to 
provide current measurement therein. The sensor 70 Is especially appropriate 
for use in the 2S configuration 80 because Equation 1 indicates that an average 
of the currents li and I2 is required for computing power By Including load 
current conductors on rear and front major faces of the transducer 70, the 
transducer 70 is thereby configurable to provide an indication of the average 
current corresponding to (I1 + l2)/2, thus avoiding the need to use two of the 
current sensors 70. 

The sensor 70 can also be used in meter configurations providing three-phase 
fiscal power metering. For example, Figure 10a is an Illustration of the physical 
arrangement of a three-phase fiscal meter indicated generally by 90. The meter 
90 comprises a RGB 91 onto which are mounted three bus-bars 92a, 92b, 92c. 
one bus-bar being provided for each supply phase corresponding thereto. Each 
bus-bar 92 comprises an inlet connector region 93, a load conductor region 94 
and an outlet connector region 95. The bus-bars 92 are fabricated from copper 
to reduce ohmic heating arising therein in response to load cun-ent flowing 
therethrough. The conductor region 94 is preferably substantially 32 mm long, 5 
mm wide and 2 mm thick. Moreover, the bus-bars 92 are preferably soldered to 
copper tracks fomied of the PCS 91, the copper tracks having a similar surface 
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profile to that presented by the bus bars 92 when connected onto the PCB 91. 
As shown, the bus-bars 92 overlay the central region 75 of their respective 
sensors 70 In order to provide an optimal sensitivity to the sensors 70. 

The PCB 91 is preferably provided with electrostatic shielding between tiie bus 
bars 92 and current elements 78 of the sensors 70 included within the PCB 91 to 
prevent capaciti've transmission of high-frequency components. 

Refening now to Figure 10b, there is shown a plan view of the PCB 91 of the 
meter 90. For clarity, the bus-bars 92a and 92c are not shown, whereas the 
outline of bus-bar 92b is shown using dashed lines. On the PCB 91. there are 
fomied three cun-ent sensors 70'a, 70'b, 70'c, one cun-ent sensor for each load 
conductor region 94 of the three bus-bars 92 respectively. The sensore 70' are 
each similar to the sensor 70 but have an elongate length in the order of 40 mm 
and a width of substantially 20 mm. The load conductor region 93b is Illustrated 
overlying the central region of tiie sensor 70'b. The combination of tfie load 
conductor 93b and the linear sensor 70'b results in a current sensor which 
produces an EMF proportional to the current flowing through the load conductor 
93b. Each cun^ent sensor 70'a, 70'b, 70'c is connected via a pair of PCB traces 
96a, 96b, 96c respectively to dedicated signal conditioning circuits 97a, 97b, 97c 
respectively. Preferably, the traces 96 are made as short and as close together 
as possible to reduce pickup of stray electromagnetic interference. In operation, 
tiie sensors 70 exhibit a measuring sensitivity in ttie ortler of 40 ^amp of bus- 
bar current hence sti^y electromagnetic interference is a practical issue. 

The signal conditioning circuits 97 serve to amplify tiie EMF signals produced by 
the cunent sensors 70' and then digitally process tiie amplified EMF signals 
using a proprietary signal processing device type AD7759 manufactured by 
Analog Devices Inc.. a company based in the USA. 

The processing device of each of the conditioning circuits 97 is operable to 
digitize and then integrate the amplified EMF signals to generate a measure of 
cumulative cun-ent, and subsequentiy to digitally multiply the cumulative current 
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measure with a voltage measure to obtain an measure of cumulative power 
oonsumed. 

The signal processing circuits 98 are operable to lntenx»gate in sequence each of 
the conditioning circuits 97 and receive therefrom in data word format the 
cumulative measure of power from each phase. Thus, the signal processing 
circuits 98 integrate the instantaneous power, with respect to time, for afl three 
phases to determine the total energy supplied through the meter 90. The meter 
90 is operable to display a reading of energy on a display 99 of the meter 90. 
The display 99 allows a utility company to charge a customer supplied with 
energy via the meter according to the electrical energy used by that customer. 

In addition to the three power conductors of a three-phase mains supply, there is 
a "neutral" conductor (not shown) along which, ideally, substantially zero current 
should flow when the meter 90 is in use. 

The electricity meter 90 is operable to measure the cun-ent flowing in each of the 
three phases associated therewith and can therefore determine whether or not a 
customer is drawing energy from the three-phase supply in a balanced fashion as 
well as total power consumed from the three phases. 

By way of Blondel's theorem, for example as descrifc>ed on page 140 of the 
aforementioned book, it is not necessary to Include three current sensors 70'a, 
70'b, 70'c to be able to measure power in a three-phase system. Thus, a three- 
phase meter can be implemented by omitting one or the sensors, for example the 
sensor 70'b, from the meter 90 and by using the data processor 98 to perfonn a 
simultaneous equation solve to derive the third cun^ent that would have been 
sensed, for example by the sensor 70'b. Such an anrangement is advantageous 
in that the meter 90 can be made more compact as only two current sensors 70 
are required, and data processing can be perfomned relatively easily in the data 
processor 98 to derive the third phase current The anrangement is therefore 
susceptible to being manufactured more cheaply and made more compact. 
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Referring now to Figure 11, there is shown an electricity meter indicated 
generally by 200 conforming to the aforesaid 2S configuration 80. The meter 200 
is implemented in a fornnat suitable for use in the USA. The meter 200 comprises 
a base 210 into which a sensor PCB sub-assembly 220 is clip retained. The 
meter 200 further includes a display PCB sub-assembly 230 which is dip 
retained onto a support structure of the base 210. Moreover, the meter 200 
comprises a ribbon cable 240 having a first end and a second end. The first end 
is connected to the display sub-assembly 230 and the second end is connected 
to the sensor sub-assembly 220. A vanity cover (not shown) is also included as 
a component of the meter 200 and is clip retained onto the base 210, the vanity 
cover providing protection for the PCB sub-assemblies 220. 230. Furthemnore, a 
clear cover (not shown) is also included as a component of the meter 200 and is 
designed to couple onto the base 210, thereby in combination with the base 210 
providing environmental protection for parts enclosed within the meter 200. 

The sensor PCB sub-assembly 220 is provided with two current sensors 70. 
Moreover, the meter 200 includes two load conductors 250, 260, namely phases 
A and C respectively, for carrying cunrent delivered to and returning from a load 
connected to the meter 200. 

Although two sensors 70 are shown in Figuro 11, it is feasible to simplify the 
sensor sub-assembly 220 to include only one sensor 70 with the load conductors 
250, 260 configured above and below the sensor 70 as illustrated in Figure 12a. 
The sensor 70 in Figure 12a is thereby capable of measuring average current as 
required for power calculation pursuant to Equation 1 in the foregoing in relation 
to the 2S meter configuration 80. Such an arrangement simplifies the meter 200 
and is thereby capable of reducing its manufacturing cost. 

When it is required for a 2S meter to conform to existing meter pin-out 
an-angements, the load conductors 250, 260 illustrated in Figure 12a are 
modified to a form as illustrated In Figure 12b where the mains supply is input on 
a first left-hand-side relative to the sub-assembly 220 and output to the load is 
output on a second right-hand-side of the assembly 220. The load conductor 
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pfX)file in Figure 12b ensures that cun-ent flows above and below tlie sensor 70 
on the assembly 220 are in similar directions. 

The sensor PCB sub-assembly 220 comprises major functional elements 
illustrated in Figure 1 3. The two cun-ent sensors 70 of the sub-assembly 220 are 
fabricated on the PCB of the sub-assembly 220 as conductive track pattems. 
One or more electrostatic screens are included in the sub-assembly 220 between 
the load conductors 250, 260 and current elements 78 of the sensors 70 to 
reduce high-frequency capacitive signal coupling; such screens can be 
incorporated as buried conductive PCB layers in the sensor sub-assembly 220 
printed circuit board. Moreover, the sub-assembly 220 further comprises anti- 
aliasing low-pass filters 300 each Including two poles of RC filtering as illustrated 
In Figure 14; components C7, C8, CIO, C1 1, R7 to R10 in Figure 14 provide such 
signal filtering. 

The sub-assembly 220 in Figure 13 also includes a resistive voltage divider 310 
for reducing supply potential to a magnitude which can be accommodated by 
electronic devices included within the assembly 220; the divider 310 is 
implemented by components R1, R2, R4 and R5 in Figure 14 and also includes 
capacitors 02, 015 to form a two-pole low-pass filter to remove high-frequency 
signal components. Moreover, the assembly 220 comprises a mixed signal 
application specific integrated circuit (ASIC) 320 which is operable to compute 
measured energy. An electrically erasable programmable read only memory 
(EEPROM) 330 is additionally included in the sub-assembly 220 to provide 
calibration data and total accumulated meter energy. Finally, the sub-assembly 
220 comprises a power supply unit (PSU) 340 which is operable to provide a 
direct cun-ent (DO) from the metered electricity supply for energizing elertronic 
devices included within the sub-assembly, for example the ASIC 320. 

The ASIC 320 comprises a current analogue-to-digital converter (ADO) 400, a 
voltage ADO 410, a digital integrator 420, a digital multiplier 430 and an energy 
accumulation register 440. The ASIC 320 includes registers and other functional 
integrated circuits to adjust signal gain, offset power and voltage-to-current 
channel phase variation. The ASIC 320 is similar to a proprietary component 
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AD7756 manufactured by Analog Devices Inc., a company based in ttie USA. 
However, this proprietary component AD7756 does not incorporate a digital 
integration function as provided by the energy accumulation register 440. 

The ASIC 320 additionally comprises a voltage reference (not shown) for 
providing a primary reference standard for absolute measurement of current and 
voltage applied to the meter 200. A quartz crystal resonator {not shown) is 
connected to an oscillator forming part of the ASIC 320 for providing a primary 
reference for time when perfonning an energy computation within the meter 200, 

Interconnection within the meter 200 will now be briefly described. 

The load conductors 250. 260 provide a path for load supply current through the 
meter 200. The cun-ent sensors 70 are mounted sufficiently closely to the 
conductors 250, 260 so that current flowing through the conductors 250, 260 is 
capable of generating a local magnetic field at the sensors 70. The sensors 70 
are. in turn, connected to inputs of the anti-aliasing filters 300. An output of the 
filters 300 is coupled to an analogue input of the ADC 400. Within the ASIC 320, 
a digital output from the ADC 400 is coupled to a digital input of the digital 
integrator 420. The divider 310 is connected across the mains supply to the 
meter 200 and is referenced to analogue ground. A mid-point tap of the divider 
310 is coupled to an analogue input of the ADC 410. A digital output of the 
integrator 420 and a digital output of the ADC 410 are connected within the ASIC 
320 to first and second digital inputs of tiie digital multiplier 430 respectively, A 
digital output from the multiplier 430 is coupled via a data structure wrthin the 
ASIC 320 to a digital input of the accumulation register 440. A digital output bus 
of the register 440 is coupled out to the EEPROM 330 and to the display sub- 
assembly 230 via the ribbon cable 240. 

The meter 200 is susceptible, by using appropriate interfaces, to be connected to 
other devices, for example to the Internet, to allow automatic remote reading of 
the register 440 of the meter 200 and thereby energy consumed. Automated 
read equipment (AMR) can thereby be connected to the meter 200. 
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The load conductors 250. 260 are mechanically secured to the sensor 
subassembly 220 PCB as shown. 

Operation of the meter 200 will now be described in overview. 

Mains supply currents lu, flow through load conductors 250, 260 of the meter 200 
and generate corresponding local magnetic fields. The current sensors 70 sense 
the magnetic fields and generate resultant signals indicative of the currents Ijn. 
These resultant signals pass to the filters 300 whereat high frequency 
components present in the signals are attenuated to a magnitude where they 
cannot cause en-oneous measurements within the meter 200. The filtered 
resultant signals then propagate to the ADC 400 whereat they arB converted into 
con-esponding cun^ent data. The cun^nt data is conveyed to the integrator 420 
which integrates the data to provide a measure of total electrical charge 
consumed by a load connected to the meter 200. 

The mains supply is also applied to the divider 310 which generates an 
attenuated voltage signal which passes to the ADC 410. The ADC 410 converts 
the voltage signal to voltage data which is output from the ADC 410 to the 
multiplier 430. The digital output of the integrator 420 is also applied to the 
multiplier 430. The multiplier 430 multiplies charge and voltage data supplied 
thereto to calculate a measure of energy consumed by the load connected to the 
meter 200. The measure of energy consumed is conveyed to the register 440 
which sums the measure so that a record of total energy consumed is stored 
therein. The record provides an indication over a time period, for example 3 
months, which is required for billing purposes. 

The EEPROM 330 has stored therein calibration constants which are supplied 
from the EEPROM 330 to the ASIC 320 to calibrate the meter and thereby 
ensure that it provides accurate readout of energy consumed. The EEPROM 
330 is also used to store data regarding energy consumed so that data 
generated within the meter 200 is not lost when power is momentarily inten-upted 
thereto. 
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The display PCB sub-assembly 230 comprises a micro-controller and a liquid 
crystal display (LCD) device for providing a visual display of cumulative power 
supplied through tfie meter 200. The micro-controller is operable to move factory 
set calibration constants stored in the EEPROM 330 into control registere of the 
ASIC 320. and also to update a measure of accumulated energy used which the 
micro-controller stores in the EEPROM 330 using data calculated in the ASIC 
320. The mlcro-controlier is further operable to communicate the measure of 
energy consumed to the LCD device or to devices external to the meter 200, for 
example an Internet modem. 

The ASIC 320 is also operable to provide a pulse output indicative of each l<Wh 
that has been measured by the meter 200. This pulse output is operable to drive 
a light emitting diode (LED) on the display sub-assembly 230 to provide an 
optical output to the user of the meter 200. 

Thus, the sensor PCB sub-assembly 220 fomis a complete calibrated energy 
meter. Although it requires the functionality of a device extemal thereto, for 
example the display sub-assembly 230. to move calibration constants and to 
access accumulated energy data, all required infonnation is stored on the sensor 
sub-assembly 220 to allow it to function as an electricity meter. By employing 
two sub-assemblies 220, 230, it is possible to change the display sub-assembly 
230 for other similar PCBs without requiring to recalibrate the meter. Hence, the 
sensor PCB sub-assembly 220 may be employed as a calibrated energy meter 
functional element. 

During manufacture, the sensor sub-assembly 220 Is calibrated using a 
calibration unit against an absolute calibrated standard. A method of calibrating 
the sub-assembly 220 thus comprises the steps of: 

(a) applying the supply voltage with substantially zero current drawn from 
the meter, and then computing a zero offset power to ensure the power 
zero accuracy of the meter; 
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(b) drawing a known operating cunrent from the meter to a load and 
cx>mputing a gain calibration cx>nstant for ensuring accurate power scale- 
factor; and 

(c) applying a cun-ent signal which is substantially reactive, for example with 
89° degrees between current and voltage vectors, and then computing a 
phase calibration constant. 

The aforesaid zero offset power, the power scale-factor and the phase calibration 
constant are then stored in the EEPROM 330. 

During the method of calibration described in the foregoing^ other data such as 
serial number and configuration parameters are preferably stored In the EPROM 
330 for uniquely identifying the sensor sub-assembly 220. If desired, the serial 
number can be encrypted, for example using public-private key encryption to 
prevent counterfeit meters being manufactured. Other of the parameters can 
also be encrypted if required to enhance security. 

Sensor coils present in the current sensor of the sensor sub-assembly 220 can 
be designed to exhibit substantially zero response to field gradients arising from 
sources remote from the meter 200. Remote magnetic fields are potentially 
susceptible to coupling to small dipole areas of the cun'ent meter 200, in 
particular to electronic circuits in the meter 200. In the meter 200, these small 
dipole areas due to PCB conductor pattems can be calculated and compensating 
opposing dipole moments incorporated into the conductor track layouts to reduce 
their significance. 

Referring to Figures 14 and 15, circuit diagrams pertaining to a woridng version 
of the meter 200 are shown. 

In Figure 14, there is shown a circuit diagram of the sensor PCB sub-assembly 
220. The circuit comprises the first and second load cun'ent conductors 250, 260 
which are mutually connected via a surge absori3ing device VR1. In close 
proximity to the conductors 250, 260 are mounted first and second current 
sensors 620, 630 respectively, the sensors 620, 630 each being similar in design 
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to the aforesaid current sensor 70, The first and second current sensons 620, 
630 are ananged to couple into local fields generated by the first and second 
current conductors 600, 610 respectively. The sensors 620, 630 are connected to 
first and second anti-aliasing filters 640, 650 respectively represented by 300 in 
Figure 13. The first anti-aliasing filter 640 comprises resistors R8, R10 and 
capacitors C8, C10, C14 connected together as shown. Likewise, the second 
anti-aliasing filter 650 comprises resistors R7, R9 and capacitors C7, C11, C13 
connected together as shown. The divider 310 is implemented as a series 
arrangement of resistors R1, R2, R4, R5 with associated capacitors C2, CI 5 to 
provide high frequency signal filtration; these components are interconnected as 
illustrated. The ASIC 320 is shown implemented as an AD7759 proprietary 
device (U1) 320 having associated therewith a precision voltage reference 
comprising U4, C1, C6, R14, and a dock oscillator Implemented by quartz crystal 
XI and associated capadtors C22. C27 configured as a Colpitts osdilator. The 
crystal X1 is fabricated to resonate inductively at a frequency of 3.5795 MHz. 
The power supply unit (PSU) 340 is implemented in a transformeriess manner 
and comprises a capacitor C12 across which a majority of the main supply 
voltage is reacfively dropped. The PSU 340 further comprises a series of 
filtering, rectification and regulation components comprising R25, C21, R26, D1, 
D2, D3, C3, CI 7 which pnDvide a DC potential difference in the order of 10 to 18 
volts to a 78L05 (U3) semiconductor voltage regulator. The voltage regulator is 
operable to provide a 5 volt output smoothed by a capacitor C23 to provide 
power to the ASIC 320. 

in Figure 15, there is shown a drcuit diagram of the display PCB sub-assembly 
230 comprising a micro-controller PIV16C923 and a liquid crystal display 
LCD100. 

The sensor PCB sub-assembly 220 illustrated in Figure 14. and the display PCB 
sub-assembly 230 illustrated in Figure 15 are capable of operating together in 
combination with the sensor 70 to provide a robust and cost-effective digital 2S- 
type fiscal power meter with LCD readout. 
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The sensitivity of the sensor 70 can be enhanced by inDplementing it as a stack of 
such sensors mutually overlaid. Such a stack structure can be conveniently 
fabricated by using multi-layer printed circuit board technology with the individual 
sensors 70 connected in series so that their EMF signals sum. However, such a 
stack structure can be sensitive to uniform magnetic fields, for example from 
remote sources, incident parallel to the plane of the sensor 70. In order to 
reduce the effect of remote magnetic fields on such a stack, cun-ent elements 78 
of the overlaying regions of the sensor 70 can be routed to altemate PCB layers 
in such a manner as reduce the sensitivity of the stack to uniform fields. 
Unfortunately, such routing requires the inclusion of vias into the stack. 
Moreover, such vias are preferably included in areas remote from the load 
conductor region 94 so as not to interfere with magnetic field sensing occurring in 
the transducer 70 at this region. 

The cunrent sensor 70 is susceptible for use in measuring altemating magnetic 
fields in other applications. For example, the current sensor 70 may be used as 
part of a head for a hard-disk computer memory drive. In particular, but not 
exclusively, the current sensor 70 can be used as part of a giant magneto- 
resistive (GIVIR) effect read/write head. Fabrication of the sensor 70 onto a 
silicon, glass or ceramic substrate is especially appropriate in this application. 

In embodiments of the invention described in the foregoing, cunent elements of 
the cun-ent sensors 70 are electrically connected in series between their 
respective terminals. In alternative embodiments of the invention, the EMFs 
may be separately amplified and then combined electronically, for example by 
way of analogue summing circuits and/or by way of digital summing in a micro- 
controller. For example, the EMFs of the sense portion 43 and the cancellation 
portion 44 can be amplified separately and then combined. Such electronic 
amplification and summing enables the sensitivity of the sensor 70 to remote 
magnetic fields to be electronically nulled or othennnse adjusted. 

In other embodiments, scaling to ensure that the coils and coil portions have 
equal turns-area products may be performed electronically. For example, in an 
altemative embodiment, the sense portion 43 may have only a single tum but the 
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EMF generated in operation by tliis single turn may be amplified by a factor of 
four to compensate for the fact that it has only a quarter of the area of the 
cancellation portion 44. Similarly, the cun^nt sensor 70 may be considered as 
four coils, the outer two coils each comprising four turns and the inner two coils 
each comprising seven turns. In a yet further embodiment, these four coils can 
be substituted by four coils each of a single turn provided that an appropriate 
weighting is given to the output of each coil single turn to provide insensitivity to 
remote magnetic fields and sensitivity to local magnetic fields. 

Although in the meter 200 signal processing is performed by an AD7759 
Integrated drcult on the sensor PCB sub-assembly 220 In combination with a 
PIC16C923 micro-controller on the display PCB sub-assembly 230, it will be 
appreciated that the function of these devices can be combined onto one 
integrated circuit, for example a customized micro-controller with on-board 
EEPROM data storage. 

Features of embodiments of the invention described in the foregoing can be 
combined in any combination without departing from the scope of the invention. 
Moreover, modifications can be made to embodiments of the invention described 
in the foregoing without departing from the scope of the invention. 
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CLAIMS : 

1. A current sensor for measuring cun-ent flowing between a power source 
and a load, the sensor comprising: 

an inlet for connection to the source; 
an outlet for connection to the load; 

conductor paths connected between the inlet and the outlet for guiding 
currents through the sensor; and 

sensing means associated with each conductor path for sensing cun-ent 
flowing therethrough and for generating a corresponding cun^ent measure 
indicative of the magnitude of the cun-ent, 

characterised in that each sensing means comprises an array of elongate 
conductive elements which are, firstly, so an^nged as to be each mutually 
dissimilariy coupled to the local magnetic field generated, in use, by current 
flowing through the associated conductor path and, secondly, so interconnected 
as to render the sensing means substantially insensitive to magnetic fields 
generated remotely therefrom. 

2. A sensor according to Claim 1, wherein the elongate elements are 
spatially an-anged to be substantially mutually parallel. 

3. A sensor according to Claim 2, wherein the conductor path associated 
with the elongate elements is a substantially linear elongate member disposed 
with its longitudinal axis substantially parallel to those of the elongate elements. 

4. A sensor according to Claim 1 wherein said conductor paths are integral 
with coiresponding arrays of elongate conductive elements on an insulating 
substrate. 

5. A sensor according to Claim 4 wherein the Insulating substrate is a 
printed circuit board and elongate elements are implemented as conductive 
tracks on the printed circuit board. 
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6. A sensor according to Claim 5, wherein ttie elongate elements are 
interconnected on the circuit board substantially without the need to use vias. 

7. A sensor according to Claim 5, wherein the printed circuit board is a multi- 
layer board and the elongate elements are duplicated at a plurality of levels in the 
board vwth corresponding arrays coupled together, 

8. A sensor according to Claim 7, wherein the elongate elements are 
connected alternately between layers. 

9. A sensor according to Claim 1 wherein the conductor paths are 
magnetically coupled to their conesponding elongate elements substantially 
through one or more non-ferromagnetic gap regions. 

10. A sensor according to Claim 1 wherein the elongate elements are 
interconnected at regions remote from where they couple magnetically to their 
corresponding conductor paths. 

11. A sensor according to Claim 1 wherein a plurality of the conductor paths 
are disposed on opposing major faces of a plane encompassing the elongate 
elements. 

12. An electrical energy meter comprising a sensor embodying the invention. 
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FIG. 10a 
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